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Abstract

Introduction: Globally, there are 3 million people living with multiple sclerosis (PLW-MS). A
large proportion of PLW-MS have abnormal vestibular function tests that suggest central vestibular
lesions. Yet, data regarding vestibular-ocular control in PLW-MS is limited. Thus, we aimed to
further characterize compensatory saccade (CS) behavior in PLW-MS.

Methods: We analyzed video head impulse data from four groups of six age- and sex-matched
adults: people living with mild MS (PLW-mild-MS, people living with moderate MS (PLW-
moderate-MS), people living with unilateral vestibular deafferentation (PLW-UVD), and healthy
controls (HC).

Results: PLW-moderate-MS had lower lateral canal vestibulo-ocular reflex (VOR) gain
bilaterally compared to PLW-mild MS (p < 0.001), HC (p < 0.001), and PLW-UVD (p < 0.001).
CS frequency was higher for impulses towards the less affected side in PLW-moderate-MS versus
the more (p=0.01) and less (p < 0.001) affected sides in PLW-mild-MS. CS latency was shorter
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(p < 0.001) and CS peak velocity was lower (p < 0.001) with impulses towards the more affected
side versus the less affected side in PLW-moderate-MS. However, CS peak velocity with impulses
towards each side was similar in PLW-mild-MS (p = 0.12). Gaze position error (GPE) was larger
after impulses towards the more affected side versus the less affected side in PLW-moderate-MS
(0 <0.001) and PLW-mild-MS (p < 0.001). MS-related disability was moderately associated with
VOR gain (p < 0.001) and GPE (p < 0.001). Additionally, we identified micro-saccades and
position correcting saccades that were uniquely employed by PLW-MS as compensatory gaze
stabilizing strategies.

Conclusions: In PLW-MS, the characteristics of compensatory oculomotor behavior depend on
the extent of residual VOR gain.

Keywords
Vestibulo-ocular reflex; Video head impulse test; Multiple sclerosis

1. Introduction

Worldwide, there are nearly three million people living with multiple sclerosis (PLW-MS)
[1], a central nervous system disease characterized by the demyelination and inflammation
of neurons throughout the central nervous system [2]. One-third of PLW-MS experience
vertigo [3], and two-thirds of those individuals have abnormalities in vestibular evoked
myogenic potentials that suggest demyelination in central otolithic pathways [4]. Likewise,
abnormally low vestibular-ocular reflex (VOR) gain or the presence of overt compensatory
saccades bilaterally on video head impulse testing (VHIT) is strongly suggestive of abnormal
conveyance of semicircular canal afference from brainstem nuclei in PLW-MS [5-7].

Infratentorial involvement is common in PLW-MS as prior research shows that over 70%
of PLW-MS have brainstem lesions on magnetic resonance imaging and nearly 90% have
abnormal brainstem reflexes [8]. The majority of PLW-MS also have signs of cerebellar
involvement [9]. Brainstem and cerebellar lesions result in oculomotor dysfunction in up to
80% of PLW-MS [10], which, in turn, is associated with greater disability [11]. Additionally,
PLW-MS have been shown to have impaired visual acuity during head movement [12],

and worse functional performance of the VOR has also been associated with increased MS-
related disability [13]. Visual function is equivocally ranked with gait as being important

to PLW-MS, particularly those with more advanced disease [14]. This coupled with the
interaction between vestibular and visual function during dynamic activities, suggests that
further attention to visual-vestibular capacity in PLW-MS is warranted.

A compensatory saccade (CS) is a high acceleration eye rotation that repositions the eye

in the direction opposite a head rotation, and, thus, is a strategy for reducing gaze position
error (GPE) and gaze instability [15]. During VOR testing using VHIT, PLW-MS have been
shown to recruit compensatory saccades (CSs) that are more frequent and of a reduced
latency relative to healthy controls [15]. Additionally, asymmetrical VOR gains have been
reported in PLW-MS who have brainstem lesions [16,17]. However, the characteristics of
CSs recruited by PLW-MS who have differing levels of disease-related disability have not
yet been described, and whether CSs represent an effective strategy for reducing GPE in
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PLW-MS has not yet been examined. Thus, we sought to 1) contrast vHIT results of PLW-
MS who have differing levels of disease severity with those of people living with unilateral
vestibular deafferentation (PLW-UVD) and healthy controls (HC), 2) compare the results
for rightward and leftward impulses within and between the groups, 3) examine whether
MS-related disability was associated with vestibulo-ocular and compensatory oculomotor
function, and 4) characterize vHIT abnormalities that are unique to PLW-MS.

2. Methods

2.1.

2.2.

Participants

We analyzed baseline data for a subset of 24 adults that was previously collected [12,18].
This sample included four groups of age- and sex-matched adults: 6 people living with mild
MS (PLW-mild-MS: Extended Disability Status Scale [EDSS] [19] score = 2.0 to 3.5) [12],
6 people living with moderate MS (PLW-moderate-MS: EDSS = 3.0 to 4.5) [12], 6 people
who were status-post unilateral vestibular schwannoma resection (PLW-UVD) [18], and 6
HC [12] (See Table 1).

Inclusion and exclusion criteria

All PLW-MS had a neurologist-confirmed diagnosis of MS, in addition to a self-reported
symptom of dizziness (Dizziness Handicap Inventory [20]), evidence of impaired balance
(Dynamic Gait Index [21] score < 19 or Activities Balance Confidence Scale [22] average
score < 80%), and/or a history of =2 falls in the past year.

Each potential participant participated in a thorough clinical examination during which we
obtained a medical history and conducted objective testing including video-oculography for
spontaneous nystagmus, post-head-shaking nystagmus, oculomotor function (i.e. saccades
and smooth pursuit, VOR suppression), a clinical yaw head impulse test, and positional
testing to rule out benign paroxysmal positional vertigo [23]. The purpose of this
examination was to rule out co-morbid peripheral vestibular dysfunction and/or other central
nervous system disorders. Testing of PLW-MS was conducted while their disease was
stable. PLW-MS who had a concurrent peripheral vestibular dysfunction, another central or
peripheral system disorder besides MS, and/or EDSS scores >6.0 were excluded. None of
the PLW-MS had clinical evidence of internuclear ophthalmoplegia (INO).

The PLW-UVD were tested during the chronic stage of recovery (> 6 weeks) to permit
adequate compensation [24] (Mean [SD]: 89.31 [211.06] days). Individuals with UVD and
concurrent neurologic disorders were excluded. The HC were age- and gender-matched to
PLW-moderate-MS.

2.3. Video head impulse test

The VHIT data were collected using the ICS Impulse system (Oto-metrics, Natus Medical
Incorporated; Taastrup, Denmark). The raw data traces for each head impulse were post-
processed using custom written software (MATLAB; Natick, MA) [15,16,26]. Each assessor
delivered low amplitude (10-25°), high acceleration (4000°/s2) yaw plane head impulses to
both the left and right sides while the participant viewed a target positioned on the wall at
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1 m. The head movement data were collected with goggle-mounted accelerometers and eye
velocity was video-recorded at 250 frames/s.

Identification of compensatory saccades

We used an acceleration threshold of 4000°/s2 to aid in identifying each CS [25,26];
however, the initiation and termination of each CS was defined using a semi-automated,
iterative process. First, to identify the approximate initiation of each CS, our software
identified the peak acceleration (= 4000°/s2) and then worked backwards to the point where
the acceleration first rose above 2000°/s2 [24]. Second, to find the approximate termination
of each CS, our software worked forward from the peak acceleration to find the deceleration
peak, and defined the approximate CS termination point as the time after the deceleration
peak when the acceleration rose above — 4000°/s2 and the eye no longer traveled in the
same direction [27]. Third, to aid in delineating covert CS from slow phase eye velocity
(SPEV), the deceleration peak that was used to determine the termination of the CS was
automatically reset more conservatively at — 2000°/s2. The approximate termination point
for a CS was defined by our software as the time when the deceleration peak was > —
2000°/s2 and the eye acceleration no longer monotonically decreased.

Once these approximate boundaries were defined, our software refined the initiation and
termination of each CS. First, the eye velocity signal was processed through a zero-phase
loss, 20 Hz low pass filter (MATLAB; filtfilf) to find the peak velocity between the
temporary CS initiation and termination points, and the filtered velocity trace was used

to define the first point where the CS velocity was > 10°/s [28]. Second, two linear fits were
performed (MATLAB; polyfif) between the peak eye velocity and the first point when eye
velocity was >10°/s and a point 44 ms earlier [28]. Our software used the intersection of
these two linear fits to define the initiation point for each CS [28]. The termination point for
each CS was defined by performing linear fits between peak eye velocity and the first point
after the peak eye velocity that was < 10°/s and a point 44 ms later. Additionally, a minimum
CS duration was hard-coded at 6 ms.

Throughout this process, an experienced rater (CRG) reviewed the traces with the CSs
marked, assessed the trace for any artifacts or errors, and, then, confirmed the position of
the finalized initiation and termination points for each CS. If the endpoint(s) for a given CS
fell well outside of the expected bounds of any CS based upon visual inspection of the eye
velocity, acceleration, and/or position traces, the rater used the available data to define its
appropriate initiation and/or termination point(s) [25-27].

2.5. Variables of interest

VOR gain was measured by dividing the area under the desaccaded eye velocity curve,
i.e., with covert CSs removed, by the area under the head velocity curve [15,25,27,29—
31]. A VOR gain of 1.0 reflects the ideal compensatory SPEV response for a given head
impulse velocity and normal values vary from 0.80 to 1.20 on vHIT [31]. We calculated
the overall CS frequency as the total number of covert and/or overt CSs per impulse. We
defined asymmetry in VOR gain as the difference in VOR gain magnitude for rightward
and leftward impulses. The overall CS latency and overall CS peak velocity of all CSs that
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occurred during each impulse were also calculated. We examined the effectiveness of CSs in
overcoming GPE by calculating the difference (in degrees) between the eye position at rest
prior to the head impulse and the eye position at the conclusion of the head impulse, once
head velocity reached 0°/s. GPE reflects the combined influence of both the SPEV, i.e., VOR
gain, and any covert CSs, and, thus, is a more comprehensive measure of the functioning of
the gaze stability system in the position domain. A GPE of 5° implies that the eye is 5° off
target in the same direction of the head impulse. A single CS with an amplitude of — 5° or
multiple CSs with the same cumulative amplitude in the direction of the earth-fixed visual
target would perfectly accommaodate this error. Detrimental effects on gaze stability occur
when CSs are either under- or over-compensatory.

2.6. Statistical analysis

All analyses were conducted in R for Statistical Computing (v. 4.1.2) [32]. The a priori alpha
level for all analyses was 0.05. For most metrics, the distributions significantly deviated
from normality (Shapiro-Wilkes tests) and the variances were unequal (Fligner-Killeen
tests); thus, between-side and between-group differences were evaluated using Kruskal-
Wallis tests. The p-values for pairwise comparisons were corrected using Holm’s method.
Correlations between either the EDSS score and other variables of interest were examined
using Spearman’s method. Complete results are presented in Table S1 (Supplemental
Content).

3. Results

VOR gains were asymmetrical for PLW-moderate-MS, PLW-mild-MS, and PLV-UVD, but
symmetrical for HC (Fig. 1). Since no statistically significant between-side differences

were found for HC, data for rightward and leftward impulses in HC were averaged for
comparison with other groups. CS frequency, latency, and peak velocity differed across
groups, depending on the VOR gain (Fig. 2). Additionally, GPE was dramatically worse for
PLW-moderate-MS compared to all other groups and moderately worse in PLW-mild-MS
compared to HC (Fig. 3). Since PLW-mild- and moderate-MS were found to have significant
differences in CS characteristics when compared to HC, we presumed a global impact of
MS on the central nervous system; subsequently, we refer to the sides with lower and higher
residual VOR gain in these groups as the “more” and “less” affected sides, respectively.

3.1. Vestibulo-ocular reflex gain

VOR gain (right and left yaw) was always lower for PLW-moderate-MS than PLW-mild MS
(p<0.001), healthy controls (p < 0.001), and for contralesional head rotation in PLW-UVD
(p < 0.001). All PLW-moderate-MS had asymmetrical, bilaterally reduced VOR gains (right
lower than left) (p < 0.001). Although, as a group, PLW-mild-MS had VOR gains that were
within normal limits, all PLW-mild-MS had asymmetrical VOR gains (two with right lower
than left) compared with HC (p < 0.001).

3.2. Compensatory saccade characteristics

3.2.1. Compensatory saccade frequency—In PLW-moderate-MS (p = 0.18) and
PLW-mild-MS (p = 0.33), CS frequency was similar for impulses towards the more and less
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affected sides. CSs were more frequently elicited with impulses towards the less affected
side in PLW-moderate-MS versus the more (p= 0.01) and less (p < 0.001) affected sides in
PLW-mild-MS.

Compared to HC, fewer CSs were elicited with impulses towards the more affected side
(p=10.001) but more CSs were evoked by impulses towards the less affected side (p <
0.001) in PLW-moderate-MS. Additionally, fewer CSs were elicited with impulses towards
the more affected side in PLW-mild-MS compared with HC (p < 0.001), but the number of
CSs evoked by impulses towards the less affected side in PLW-mild-MS was similar to that
of HC (p=0.07).

CSs were elicited as frequently with impulses towards the more affected side in PLW-
moderate-MS as with ipsilesional (p= 0.57) and contralesional (p> 0.99) impulses in PLW-
UVD. Similarly, CSs were elicited as frequently with impulses towards the less affected
side in PLW-moderate-MS as with ipsilesional (p > 0.99) and contralesional (p= 0.09)
impulses in PLW-UVD. However, fewer CSs were elicited with impulses towards the more
affected (p=0.03) and less affected (p < 0.001) side in PLW-mild-MS compared with that
for ipsilesional impulses in PLW-UVD.

3.2.2. Compensatory saccade latency—In PLW-moderate-MS, CS latency was
shorter for impulses towards the more affected side compared with impulses towards the
less affected side (p < 0.001). However, CS latency for impulses towards each side was
similar in PLW-mild-MS (p > 0.99). CS latency for impulses towards the more affected
side in PLW-moderate-MS was shorter than that for impulses towards the less affected (p <
0.001) and more affected (p < 0.005) sides in PLW-mild-MS.

Compared to HC, CS latency for PLW-moderate-MS was similar for impulses towards the
more affected side (p > 0.99) but shorter with impulses towards the less affected side (p <
0.001). In PLW-mild-MS, CS latency for impulses towards the more affected (v < 0.001) and
less affected (p = 0.008) side was longer than that for HC.

CS latency for impulses towards the less affected side in PLW-moderate-MS was longer
than that for ipsilesional (p < 0.001) and contralesional (p < 0.005) impulses in PLW-UVD.
Additionally, CS latency for impulses towards the more affected side in PLW-mild-MS
was longer than that for ipsilesional (p < 0.001) and contralesional (p < 0.001) impulses

in PLW-UVD. Similarly, CS latency for impulses towards the less affected side gain in
PLW-mild-MS was also longer than that for ipsilesional (o= 0.005) and contralesional (o=
0.01) impulses in PLW-UVD.

3.2.3. Compensatory saccade peak velocity—In PLW-moderate-MS, CS peak
velocity was lower for impulses towards the more affected versus the less affected side
(p<0.001). However, CS peak velocity was similar for impulses towards both sides in
PLW-mild-MS (p = 0.12). CS peak velocity for impulses towards the less affected side was
higher in PLW-moderate-MS versus that for impulses towards the more affected side (o <
0.001) and less affected (p < 0.001) sides in PLW-mild-MS.
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Compared to HC, CS peak velocity for impulses towards the more affected side was lower
in PLW-moderate-MS (p = 0.001). Conversely, CS peak velocity for impulses towards

the less affected side in PLW-moderate-MS was higher than that for HC (p < 0.001). In
PLW-mild-MS, CS peak velocity for impulses towards the less affected side was lower
versus that for HC (p=0.02).

CS peak velocity for impulses towards the more affected side was lower in PLW-moderate-
MS versus that for ipsilesional (p < 0.001) and contralesional (p = 0.001) impulses in
PLW-UVD. Conversely, CS peak velocity for impulses towards the less affected side in
PLW-moderate-MS was higher than that for contralesional impulses (p < 0.001) in PLW-
UVD. In PLW-mild-MS, CS peak velocity for impulses towards the more affected side was
lower versus that for ipsilesional (o < 0.001) and contralesional (p < 0.001) impulses in
PLW-UVD. Additionally, CS peak velocity for impulses towards the less affected side in
PLW-mild-MS was lower than that for contralesional impulses in PLW-UVD (p = 0.006).

3.3. Gaze position error

GPE was larger after impulses towards the more affected side versus impulses towards the
less affected side in PLW-moderate-MS (p < 0.001) and PLW-mild-MS (p < 0.001). In
PLW-moderate-MS, GPE was larger after impulses towards the more affected side versus
that for impulses towards the more affected (p < 0.001) and less affected (p < 0.001) sides
in PLW-mild-MS. Similarly, PLW-moderate-MS had larger GPE after impulses towards the
less affected side versus that for impulses towards the more affected (p < 0.001) and less
affected (p < 0.001) sides in PLW-mild-MS.

Compared to HC, GPE was larger after impulses towards the more affected (p < 0.001) and
less affected (p < 0.001) sides in PLW-moderate-MS. Additionally, GPE was larger after
impulses towards the more affected side (p < 0.001) in PLW-mild-MS versus that of HC.

GPE was larger after impulses towards the more affected side in PLW-moderate-MS
compared with ipsilesional (< 0.001) and contralesional (p < 0.001) impulses in PLW-
UVD. Similarly, PLW-moderate-MS had larger GPE after impulses towards the less affected
side versus that for ipsilesional (p = 0.004) and contralesional (p < 0.001) impulses in
PLW-UVD. In PLW-mild-MS, GPE was smaller after impulses towards the more affected
side versus that for ipsilesional (p < 0.001) and contralesional (p < 0.001) impulses in
PLW-UVD. Similarly, PLW-mild-MS had smaller GPE after impulses towards the less
affected side versus that for ipsilesional (p< 0.001) and contralesional (p < 0.001) impulses
in PLW-UVD.

3.4. Association between disability and vestibular and oculomotor functions

A significant, moderate, negative association between the EDSS score and VOR gain (rho =
- 0.68 [95% Confidence Interval: — 0.74 - —0.61]; p< 0.001) and a significant, moderate,
positive association between EDSS score and GPE (r/0 = 0.69 [95% Confidence Interval:
0.62-0.75]; p < 0.001) was present in PLW-MS. However, the EDSS score was only weakly
correlated with CS frequency (rho = 0.35 [95% Confidence Interval: 0.24-0.45]; p < 0.001)
and CS peak velocity (rh0=0.21 [95% Confidence Interval: 0.09-0.33]; p < 0.001). The
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EDSS score was not significantly correlated with CS latency (s/0= - 0.10 [95% Confidence
Interval: — 0.23-0.02]; p=0.112) in PLW-MS.

3.5. Unique responses to head impulses in PLW-MS

Visual analysis of the raw head and eye velocity traces led to the discovery of several

novel compensatory oculomotor findings. First, PLW-moderate-MS generated slow and/or
repetitive micro-saccadic eye movements that gradually brought the eyes towards the earth-
fixed visual target (Fig. 4). Second, PLW-mild-MS often generated CSs that were over-
compensatory for the impulse, and, then, generated another CS to correct for over-shooting
the target (Fig. 5). Third, we observed that compensatory oculomotor responses were absent
with impulses towards the more affected side yet were preserved with impulses towards the
less affected side in one person living with moderate MS (Fig. 6).

4. Discussion

We analyzed gaze stabilization mechanisms and function in a cohort of PLW-MS who

have different levels of MS-related disability. Overall, the VOR was severely deficient

and compensatory gaze stabilization mechanisms were ineffective in PLW-moderate-MS
compared to PLW-mild-MS, HC, and PLW-UVD. Dramatic differences in responses

to impulses towards the more affected versus the less affected side distinguished PLW-
moderate-MS from PLW-mild-MS. We also identified associations between the EDSS score
and vestibular and oculomotor control that highlight the importance of gaze stabilization and
coordination of eye movements to overall function in PLW-MS. Additionally, examination
of the raw VHIT traces led to the identification of vHIT abnormalities that appear to be
unique to PLW-MS.

4.1. Vestibulo-ocular reflex gains

The reduced VOR gains in PLW-moderate-MS were below expectations for age-based
normative data [31] and were significantly lower than the VOR gains measured in

HC. Though our findings regarding VOR gains in PLW-mild-MS align with previous
publications, the VOR gains we measured in PLW-moderate-MS were much lower than
those reported previously [5,6]. In fact, the asymmetrical, bilateral VOR deficiencies that
we identified in PLW-moderate-MS are consistent with prior reports of vestibulo-ocular
abnormalities in PLW-MS who have known brainstem lesions [16,17]. We also found
asymmetrical, bilateral reduction in VOR function in PLW-UVD, which has been reported
[33] and is believed to be related to central vestibular compensation. The VOR deficiency
of PLW-moderate-MS was significantly more pronounced than that of PLW-UVD; thus,
one might expect PLW-moderate-MS to have similar difficulty with gaze instability as
persons with bilateral vestibular hypofunction. Additionally, we identified a moderate
association between the EDSS score and VOR gain. Consistent with prior studies linking
oculomotor dysfunction with disability in PLW-MS [11], our data suggest that vestibulo-
ocular deficiency also plays a significant role in functioning for PLW-MS.
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4.2. Characteristics of compensatory saccades

Whether CSs were employed by PLW-MS in response to impulses depended on whether
impulses were directed towards the more or less affected side. Since CSs were infrequent,
and often absent, in PLW-moderate-MS for impulses towards the more affected side, persons
with more advanced MS would be expected to benefit less from saccadic suppression

of the degraded visual image, particularly during rapid movements towards their more
affected side [34]. However, given that CSs were recruited with equal frequency for head
impulses towards either side in PLW-mild-MS, saccadic visual suppression should be at least
partially preserved in persons with less severe MS. Degradation in visual acuity during head
movement (due to oscillopsia) has been correlated with performance on balance and gait
tests in PLW-MS [12] and persons with vestibular dysfunction [35], respectively, and may
increase the risk of falling.

Few CSs were generated by HC, PLW-UVD for impulses towards the contralesional side,
and for impulses towards the more and less affected sides in PLW-mild-MS (mean VOR
gains = 0.97, 0.80, 0.90, and 0.95, respectively); however, CSs were more frequent in
PLW-moderate-MS during impulses towards the side with higher VOR gain and in PLW-
UVD for ipsilesional impulses (mean VOR gains = 0.66 and 0.35, respectively). These
data suggest that VOR gain must be substantially reduced in persons with PLW-UVD and
PLW-MS before CSs are elicited at significantly higher rates to augment gaze stabilization.
Additionally, our results demonstrate that CS frequency is not increased in general in
PLW-MS as has been suggested [15]. Our finding of a weak association between EDSS
score and the frequency of CSs appears to be contrary to what might be expected; however,
we believe this analysis was confounded by CS frequency being low in PLW-mild-MS
owing to minimal effects of MS on CS generation and CS frequency being suppressed in
PLW-moderate-MS due to severe disruption in neural transmission within saccade pathways.

Given the effects of demyelination on the nervous system, PLW-MS may be expected to
show evidence of delayed processing within vestibular pathways or decreased eye velocity.
Indeed, contrary to prior research [15], our data show that the latency of CSs in PLW-
mild-MS was significantly longer than that of HC and PLW-UVD. Additionally, we found
evidence that the peak velocity of CSs in PLW-mild-MS was significantly lower than that
of HC and PLW-UVD. Although PLW-moderate-MS recruited CSs as early as PLW-UVD,
CS peak velocity was much lower for PLW-moderate-MS compared to PLW-UVD. This
suggests that the brain could only generate a weak oculomotor response to compensate for
the GPE signal. The lack of an association between MS-related disability and the generation
or execution of CSs provides further evidence of confounding by minimal effects of MS on
CS generation in PLW-mild-MS and suppression of CSs in PLW-moderate-MS due to severe
disruption in neural transmission.

4.3. Effectiveness of compensatory saccades

PLW-moderate-MS were eight- to ten-fold less effective in recruiting and executing CSs

to minimize GPE than PLW-mild MS. The fact that PLW-mild-MS also had significantly
greater GPE compared to HC, suggests that vestibular-oculomotor pathways may be affected
in persons with less advanced MS. Our results align with those of previous studies of PLW-
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MS [12,15]; however, the magnitude of GPE is much larger for our participants, particularly
for PLW-moderate-MS. In fact, PLW-moderate-MS had GPE that exceeds that for persons
with bilateral vestibular hypofunction [29]. Our finding that the EDSS score was moderately
associated with GPE extends prior work that demonstrates associations between MS-related
disability and oculomotor [11] and vestibular [13] function, and provides further evidence
that vestibulo-ocular deficiency is a significant factor in functional ability for PLW-MS.

Influence of possible brainstem lesions on Vestibulo-ocular function

The etiology for the large, asymmetrical VOR gain deficiency in PLW-moderate-MS in this
study is not known. These individuals may have had cranial nerve VIII root entry zone
lesions; however, those with concurrent peripheral vestibular dysfunction were excluded.
Alternatively, several of our findings suggest that the PLW-moderate-MS may have had
occult unilateral or bilateral INO. First, the pattern of VOR deficiency that we measured

in PLW-moderate-MS has been reported in PLW-MS who have INO [16,17]. Second, we
found similar levels of deficiency in VOR function for impulses towards the more affected
side in PLW-moderate-MS compared with ipsilesional impulses in PLW-UVD; yet, CSs
occurred less frequently in PLW-moderate-MS. This is contrary to evidence of preservation
of CSs in the setting of complete vestibular loss [36]. Thus, the failure of CS triggering,
which putatively arises from cervical somatosensory afference [37], suggests that another
pathophysiological process interfered with the generation of CSs in PLW-moderate-MS.
Third, taken together, our findings that the peak velocity of CSs was significantly slower
for CSs evoked by impulses towards the more affected side (right) and that peak velocities
were similar for CSs triggered by impulses towards the less affected side (left) in PLW-
moderate-MS and ipsilesional impulses in PLW-UVD imply that adduction of the right
eye may have been slowed during rightward impulses in PLW-moderate-MS. Fourth, the
findings of substantially worse GPE in PLW-moderate-MS compared with PLW-UVD,
despite both groups having similar VOR gains also suggests the presence of additional
mitigating pathology affecting vestibulo-ocular functioning.

4.5. Unique findings on video head impulse testing

We observed several unique phenomena in the vHIT results of PLW-MS that have not been
reported previously. First, PLW-moderate-MS appeared to generate repetitive micro-CSs
in addition to typical CSs as a strategy to stabilize gaze. Although these eye movements
appeared saccadic in nature, the vast majority were not detected by our signal processing
algorithm due to the fact that eye accelerations did not exceed the detection threshold
(2000°/s2). Detection was not improved when reducing this threshold by half (1000°/s2).
Thus, further refinement of saccade detection methods [38,39] is needed to more fully
characterize the physiologic and/or pathophysiologic mechanisms underlying this unique
compensatory gaze stabilization strategy. Second, PLW-mild-MS demonstrated a tendency
to generate CSs that were over-compensatory for the head impulse. Subsequently, during
trials in which CSs would over-shoot the earth-fixed target, PLW-mild-MS generated
position correcting saccades that were used to re-direct the eyes back towards the target

to correct for this over-compensation. Finally, vHIT results, as are shown in Fig. 6, may
provide evidence for the effects of INO on gaze stabilization. In this participant, nearly all
of the impulses towards the more affected (right) side resulted in a marked increase in GPE
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yet CSs were not elicited within 500 ms from the start of the impulse; however, overt CSs
were robust for all impulses towards the less affected (left) side. We posit that a finding

of absent or markedly deficient CSs in the presence of severely reduced VOR gain may be
pathognomonic for INO; however, further investigation using six-canal vHIT in persons with
medial longitudinal fasciculus lesions is needed to test this hypothesis.

4.6. Limitations

Though all of the PLW-moderate-MS had evidence on vHIT that may suggest brainstem

or cerebellar involvement, we cannot corroborate these findings with supporting evidence
from imaging. Thus, we cannot draw sound conclusions regarding whether the differences
between those with mild and moderate MS are attributable to differences in the extent and/or
location of central nervous system lesions. Specifically, since INO was not detected on the
clinical examination, we cannot speak to whether any PLW-MS had lesions of the medial
longitudinal fasciculus. Additionally, despite the fact that all PLW-MS underwent a thorough
clinical examination that included binocular video-oculography to rule out the presence of
concomitant peripheral vestibular system abnormalities, we can only relate our findings

to the VOR pathways in general and cannot make any inferences regarding whether the
abnormalities were associated with peripheral, central, or mixed vestibular dysfunction.

5. Conclusions

PLW-MS were found to have unique responses to VHIT compared to PLW-UVD and HC
that were not apparent during the clinical examination. The characteristics of compensatory
oculomotor responses to VHIT depended on the extent of residual VOR gain. In addition

to well-defined CSs, PLW-moderate-MS generated repetitive micro-CSs and PLW-mild-MS
utilized position correcting saccades to compensate for low VOR gains. Further research

is needed to examine the relationship between the extent and location of central nervous
system lesions and the characteristics of CSs in PLW-MS and to determine whether and
how clinicians should use VHIT to differentiate between PLW-UVD and PLW-MS and to
characterize the severity of disease in PLW-MS.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Vestibulo-ocular reflex gain. The data for vestibulo-ocular reflex (VOR) gains for each

group is depicted by overlaying a box plot on a violin plot. The box plot provides a
traditional visualization of the median and interquartile range and the violin plot shows the
distribution of the data. HC = healthy control. PLW-UVD = people living with unilateral
vestibular deafferentation. PLW-mild-MS(L) = people living with mild multiple sclerosis,
lower VOR gain side. PLW-mild-MS(H) = people living with mild multiple sclerosis, higher
VOR gain side. PLW-moderate-MS(L) = people living with moderate multiple sclerosis,
lower VOR gain side. PLW-moderate-MS(H) = people living with moderate multiple
sclerosis, higher VOR gain side.
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Fig. 2.

Cgmpensatory saccade frequency, latency, and peak velocity. The data for compensatory
saccade characteristics for each group is depicted by overlaying a box plot on a violin

plot. The box plot provides a traditional visualization of the median and interquartile range
and the violin plot shows the distribution of the data. HC = healthy control. PLW-UVD =
people living with unilateral vestibular deafferentation. PLW-mild-MS(L) = people living
with mild multiple sclerosis, lower VOR gain side. PLW-mild-MS(H) = people living with
mild multiple sclerosis, higher VOR gain side. PLW-moderate-MS(L) = people living with
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moderate multiple sclerosis, lower VOR gain side. PLW-moderate-MS(H) = people living
with moderate multiple sclerosis, higher VOR gain side. ms = milliseconds. Degs = degrees.
s = second.
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Fig. 3.

nge position error. The data for gaze position error (GPE) for each group is depicted by
overlaying a box plot on a violin plot. The box plot provides a traditional visualization of
the median and interquartile range and the violin plot shows the distribution of the data.
HC = healthy control. PLW-UVD = people living with unilateral vestibular deafferentation.
PLW-mild-MS(L) = people living with mild multiple sclerosis, lower VOR gain side.
PLW-mild-MS(H) = people living with mild multiple sclerosis, higher VOR gain side.
PLW-moderate-MS(L) = people living with moderate multiple sclerosis, lower VOR gain
side. PLW-moderate-MS(H) = people living with moderate multiple sclerosis, higher VOR
gain side. Degs = degrees.
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Fig. 4.

Micro-compensatory-saccadic eye movements in people living with moderate multiple
sclerosis. Head and eye velocity traces are shown in (A) and head and eye position

traces are shown in (B) for a representative VHIT result for a person living with moderate
multiple sclerosis. The double arrow highlights possible micro-compensatory-saccadic eye
movements that were of too low acceleration and velocity to be adequately detected and
parsed by our custom software, despite halving the detection thresholds (A), that correspond
with a slow return of the eye-in-space position to 0 degrees (B). °/s = degrees/s. deg. =
degrees. ms = milliseconds.
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Fig. 5.

Position correcting saccades in people living with mild multiple sclerosis. Head and eye
velocity traces are shown in (A) and head and eye position traces are shown in (B) for a
representative VHIT result for a person living with mild multiple sclerosis. The double arrow
highlights the occurrence of a position correcting saccade that is elicited in response to the
head impulse and that re-adjusts eye position following an over-compensatory overt saccade.
Position correcting saccades were only observed in those with mild multiple sclerosis. °/s =
degrees/s. deg. = degrees. ms = milliseconds.
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Fig. 6.
Absent compensatory saccades in a person with moderate multiple sclerosis. Head and

eye velocity traces are shown in (A, C) and head and eye position traces are shown in

(B, D) for representative rightward and leftward vVHIT results for a person living with
moderate multiple sclerosis. Although the rightward head impulse consisted of a weak
slow eye velocity, no compensatory saccade response occurs (A). However, delayed overt
compensatory saccades eventually resolve gaze position error by 500 milliseconds during a
leftward head impulse (B). °/s = degrees/s. deg. = degrees. ms = milliseconds.
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Table 1

Participant characteristics.

Variable HC(n=6) PLW-UVD (n=6) PLW-mild-MS(n=6) PLW-moderate-MS (n = 6)
Aged 57.2 (16.6) 52.3 (14.7) 56.2 (12.9) 54.8 (14.1)

EDSS? NA NA 2.8(2.5-3.0) 4.0 (4.0-4.0)

ABC Scale (Average)? NA 70 (52-85) 89 (74-92) 66 (41-89)

DHI (Total)? NA 28 (18-58) 37 (28-42) 52 (32-65)

HC = healthy control. PLW-UVD = unilateral vestibular deafferentation. PLW-mild-MS = people living with mild multiple sclerosis. PLW-
moderate-MS = people living with moderate multiple sclerosis. EDSS = Expanded Disability Severity Scale. ABC Scale = Activities-specific
Balance Confidence Scale. DHI = Dizziness Handicap Inventory.

a -
These data are presented as the mean (standard deviation).

b . L .
These data are given as the median (interquartile range).
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